We propose a robust formant extraction algorithm that combines the spectral peak picking, formants location examining for peak merger checking, and the root extraction methods. The spectral peak picking method is employed to locate the formant candidates, and the root extraction is used for solving the peak merger problem. The location and the distance between the extracted formants are also utilized to efficiently find out suspected peak mergers. The proposed algorithm does not require much computation, and is shown to be superior to previous formant extraction algorithms through extensive tests using TIMIT speech database.
INTRODUCTION
The formant is one of the most important features in speech signals,and is used for many applications, such as speech recognition, speech characterization, and synthesis. Previous formant extraction methods can largely be classified into spectral peak picking, root extraction, and analysis by synthesis [1] [2] [3] [4] . The spectral peak picking methods and their variants have been widely used for a long time because of low computational complexity, but they often seriously suffer from the peak merger problems [1] [2] [3] , where two adjoining formants are identified into a single one. The root extraction methods try to find out all the locations of roots by solving a prediction-error polynomial obtained from linear prediction coefficients (LPC), which obviously requires much computation [5] . An efficient method for evaluating the pole locations by iteratively computing the number of poles in a sector in the z-plane has been reported in [2] . However, the accuracy of the root extraction methods can hardly be high because it is not always clear to determine whether a root obtained forms a formant or just shapes the spectrum [5] .
In this paper, we propose a new formant extraction algorithm that conjoins the spectral peak picking method and the root polishing scheme. In the proposed algorithm, the formant candidates are found by using the spectral peak picking method. Later, the possibility of peak mergers for each peak is examined using the screening condition among the formant frequencies of speech. As for the suspected peaks, the number of poles forming each peak is evaluated using Cauchy's integral formula. If the number of poles constituting a spectral peak is two, then the root polishing is conducted for separating the merged formants.
In this study, we used the TIMIT core test set, a widely known speech database, to compare the performance of different extractors [6] . For this purpose, we used the phone location information from TIMIT label files and compared the extracted formant values for a specific phone with the formant distribution of English vowel phonemes described in [7] .
The organization of this paper is as follows: in Section 2, previous works on formant extraction methods are briefly reviewed and discussed. In Section 3, we explain characteristics of merged formants. Section 4 introduces the proposed robust formant extraction algorithm. Section 5 includes several core experimental results to prove the robustness of the proposed algorithm. We end with the concluding remarks in Section 6.
REVIEW OF THE PREVIOUS WORKS
In this section, we will briefly explain previous research regarding formant extraction. Basically, the speech production process is often modeled by the concatenation of the vocal tract and the lip radiation filters, while the excitation signal is generated by the glottis. References like [1] or [5] cover the theoretical backgrounds on the derivation of this model in detail. Since the vocal tract itself is a tube with a varying cross-sectional area, it has resonant frequencies like any other tubes. These resonances are called formants, and the frequencies at which they occur are often referred to as the formant frequencies. We will explain the spectral peak picking, root extraction, and analysis-by-synthesis methods, which are the three large categories of formant extraction methods as stated in Section 1. It is an established fact that in most cases, the vocal tract system can be modeled as an all-pole system [1, 5] . Thus, the vocal tract system H v (z) can be appropriately modeled as follows:
where G v is the gain factor. In this equation, we use the subscript v to denote the vocal tract system. More importantly, it has been established by previous research that the coefficients α k , 0 ≤ k ≤ I, are suitably modeled by LP coefficients [1] . Thus, by computing LP coefficients, we can model the vocal tract and obtain information on formants.
Spectral peak picking method
The spectral peak picking method and its variants have been widely used for formant extraction [1] [2] [3] [4] [5] [8] [9] [10] . In most cases, instead of the short-term spectrum itself, smoothed spectra, such as linear prediction (LP) spectrum or cepstrally smoothed spectrum are often employed [1, 3, 5] . However, LP spectra are more often used for this purpose, since they show conspicuous peaks. Additionally, it has been verified that the prediction-error polynomial obtained from LP coefficients is closely related to the vocal tract filter, which generates the formants [1, 5] . Figure 1(a) shows the short-term spectrum of the "ae" sound, and Figure 1 (b) illustrates the LP spectrum of this signal.
Here, we will briefly explain how the LP spectrum is computed, and how formant frequencies are obtained from this spectrum. Let us denote LP coefficients of a short-term speech signal by a k , 0 ≤ k ≤ N LP , where N LP is the prediction order. From these LP coefficients, we can construct the following prediction-error filter:
As mentioned above, previous studies show that the vocal tract filter is modeled as an all-pole system, and the vocal tract filter in (1) can be obtained from the prediction-error filter in (2) which is also known as the inverse filter (IF) [5, 10] .
By performing FFT of sufficient order like 256 or 512, on the zero-padded LP coefficients, we can obtain a reasonable amplitude spectrum of the vocal tract system shown in (1) .
In this paper, we will call the spectrum, obtained by the above-mentioned procedure, LP spectrum. As the name suggests, this type of formant extractors tries to find resonances on the spectrum. In general, spectral peak picking methods are advantageous in that, they show relatively reliable results, and they do not require much computation. However, as previously mentioned in the introduction, the peak merger problem is the most inherent problem. Several techniques have been proposed so far to resolve the peak merger problem [3, 11] . In [3] , LP spectra are computed inside the unit circle to increase the resolving power against the peak merger cases. In [11] , poles inside the unit circle have been intentionally moved on the unit circle. However, as discussed in [5] , they are not perfect in distinguishing merged peaks and obtaining desired formant frequencies.
Root extraction method
Formant extraction using the root extraction method is explained in several texts and papers [1, 2, 5] . In this method, like the spectral peak picking method, we first compute linear prediction (LP) coefficients and obtain the prediction-error filter A(z). Comparing with (1), we can easily find that the roots of this polynomial A(z) correspond to the poles of the vocal tract system. Thus, we can obtain candidates for formants by solving A(z) = 0, using numerical methods.
When poles are kept sufficiently apart, and one of these poles, z = r 0 e jφ0 , forms a formant, the formant frequency F, and the formant bandwidth B can be represented by the following equations [1] :
where r 0 is the magnitude of the pole, φ 0 is the phase of the pole, f s is the sampling frequency, F is the formant frequency, and B is the 3-dB formant bandwidth. Thus, if we find the roots of the prediction-error polynomial, we can obtain the formant frequencies using (3) . In addition, we can get the bandwidth information from (4). However, as mentioned earlier, there are several inherent problems in obtaining formant frequencies using the root extraction algorithm. Firstly, and most importantly, it is very difficult to tell whether an obtained root just shapes the spectrum or actually contributes to forming a formant [5] . If we use an LP order of 14 in obtaining A(z), then there may be up to seven complex conjugate root pairs. Among these seven root pairs, we need to select three root pairs if we want to obtain the first three formant frequencies F 1 , F 2 , and F 3 . Therefore, the root extraction method is not as reliable as the spectral peak picking method. Secondly, obtaining roots of A(z) requires very high computational complexity. So, in most cases, this method is not used in real-time implementation, but for research purposes [5] .
When we perform polynomial roots solving, first we can employ numerical algorithms such as Laguerre's method, Muller's method, the Eigenvalue method, and so on. It is computationally burdensome to obtain all the roots using one of these methods. To reduce the computational amount when a single root z = z 0 of a polynomial is obtained, we deflate the original polynomial by (z − z 0 ) and recursively apply the roots solving algorithm. However, when deflating, round-off error often occurs and it can be accumulated. Thus, the obtained roots cannot be quite accurate. To alleviate this problem, after all of the approximate roots of A(z) = 0 are identified, we further polish roots which will be described in Section 2.4.
Analysis-by-synthesis method
In the analysis-by-synthesis method, we construct a synthetic spectrum and try to obtain minimized errors between the synthetic spectrum and the actual spectrum. The synthetic spectrum is obtained using the approximated formant frequencies. Thus, if the differences between the synthetic spectrum and the actual spectrum are very small, the approximated formant frequencies are close to the actual formant frequencies. Analysis-by-synthesis approximations are performed iteratively as follows: firstly, we obtain a rough estimation on formant frequencies. Secondly, using these estimated values, we obtain more accurate values that can reduce the above-mentioned differences between the synthetic and the actual spectra. This process is performed using some systematic procedures, like dynamic programming. After that, if the spectral distance is still larger than a predefined constant, then the second step is repeated. The algorithms introduced in [4, 12] describe variants of the analysis-by-synthesis type of formant extractors.
Root polishing algorithm
As previously mentioned in Section 2.2, roots obtained from the typical roots solving method and the deflation scheme often suffer from accumulated round-off errors [13, 14] . These errors accumulate when successive deflation steps are applied. So, accompanied with the roots solving procedure, root polishing is generally performed to obtain more accurate values. The root polishing algorithm works as follows [13] :
(1) Initialization: obtain an approximate root z = z 0 , using the roots solving method described in Section 2.2.
where N 0 is the iteration limit.
(2a) obtain z n+1 by
where A(z) is the prediction-error polynomial shown in (2), (2b) test whether the following stopping condition (6) is met. If so, terminate.
(2c) set n = n + 1.
(3) Termination: take z n+1 as the polished root.
Unlike most root solving methods, the Newton-Raphson algorithm shows quadratic convergence [14] . Thus, the polishing step requires far less computation compared to the roots solving step. We can obtain polished roots with the required accuracy by adjusting the tolerance in (6) . If the application requires more accuracy, then we need to adopt a smaller value for ε. An ε value of 10 −4 is generally suitable for reliably obtaining formant frequencies.
CHARACTERISTICS OF MERGED FORMANTS
In this section, we will develop two conditions related to the poles of the vocal tract system filter. The first one deals with 4 EURASIP Journal on Applied Signal Processing the magnitude of the poles when these poles form formants. Previous research shows that some of the poles of the vocal tract system filter just shape the spectrum without a direct relation to formants [5] . Using information on the bandwidths of formants, we will derive conditions in which poles form formants. And the other condition is related to the phase difference of two adjacent poles when peak merger occurs. Although the derivation process tells us that these conditions are necessary, there may be rare exceptions to the obtained condition, since these conditions are based on assumptions obtained from experimental results by Dunn [15] . As established by previous research, two peaks that are quite close to each other are sometimes merged and appear to be a single peak. As mentioned previously, this is one of the most difficult problems occurring when we use the spectral peak picking method to extract formants. In the proposed system, the peak merger problem is resolved by inspecting the number of poles around the suspected peak using Cauchy's integral, and subsequently applying the root polishing scheme, which will be described in Section 4. For this purpose, we need to define a region, in the z-domain, where we will employ these procedures. Based on the phase difference information on the merged poles that is derived in this section, we can set an appropriate inspection region. Consequently, we only need to inspect poles inside this inspection region, where two poles may result in a single peak. These two conditions, derived in this section, are incorporated in the proposed system in order to efficiently separate a merged peak into two distinct peaks.
Magnitude condition for forming a formant
It is obvious that a pole whose magnitude is close to 1 will likely form a formant, while one that is far from 1 will not. A condition on the magnitude of a pole that can form a spectral peak can be derived as follows. From (4), we can establish the following relationship:
where B max,i is the maximum bandwidth for the ith formant, and r min,i is the minimum magnitude of a pole that is related to the ith formant. Previously, Dunn investigated into the range of formant bandwidths [15] . From his research, it is known that the maximum formant bandwidths of F 1 , F 2 , and F 3 are 160 Hz, 200 Hz, and 300 Hz, respectively. In the case of an 8 kHz sampling rate, we obtain the following results:
However, previous research shows that there exists significant variability in vowel formant characteristics. Additionally, in deriving (8) , the effects of any nearby poles are ignored. Considering these facts, we should allow more tolerance to (8) for guaranteeing a more reliable condition. After repeated experiments, we obtained the following as a new 
In the above equation, the inequality of r < 1.0 is added due to the stability requirement on poles.
As shown in the following sections, this condition is employed to decide whether a pole obtained by root polishing is related to an actual formant. Note that this condition is not a sufficient condition, but a condition based on experimental results where a pole forms a formant. Thus, it cannot be used as an absolute decision rule. Admittedly, in deriving this condition, we used the experimental results on the formant bandwidths obtained by Dunn [15] . Thus, there may still exist some exceptions to this constraint (9) . However, investigation into actual speech signals revealed that there seldom are such exceptions. However, by using constraint (9), we can reduce possible errors of obtaining fallacious formants. The distribution of poles of 726 frames in the z-domain is depicted in Figure 2 . While many poles are satisfying (9), some of them are not. From this result, we can conclude that the latter poles are probably not directly related to the actual formants. In this figure, we also find the fact that, poles in the high-frequency region generally have smaller magnitudes, which complies with (8).
Phase condition for a peak merger
In this section, we will derive a condition on the phase difference between two poles under the following condition: two poles are directly related to two distinct formants and, at the same time, these two formants appear as a single-merged peak in the linear prediction (LP) spectrum.
Generally, the magnitude of the vocal tract system is modeled by the following equation [5] : (10) where N is the order of the system, and p k , 0 ≤ k ≤ N, is the Chanwoo Kim et al. kth pole of the system. In this equation, ω denotes the normalized angular frequency, defined as
where f is the continuous-signal frequency, F s is the sampling rate. Without loss of generality, let us consider a case where two poles, p 1 = r 1 e jφ1 and p 2 = r 2 e jφ2 in (10), incur a peak merger problem. Figure 3 shows the location of these two poles in z-domain. As stated previously, a peak merger problem occurs when two distinct formants are merged into a single peak. It follows that p 1 and p 2 are the poles that form two distinct formants, even though they may appear as a single peak in the LP spectrum. Since these two poles are directly related to distinct formants, they should satisfy the constraint of (9) . As shown by a lot of previous research, the peak merger occurs when these poles are very close to each other, which means that the phase difference between these two poles is small. Accordingly, in the vicinity of these two poles, (10) can be approximated by the following two-pole system:
where G v is the gain of this modified system. Additionally, some scrutiny on the spectrum shape reveals that the largest phase difference is obtained when each peak has the largest possible bandwidth. From (4), we find that it implies the smallest possible value of r. Thus, we obtain the largest phase difference when both magnitudes of the poles are the same and they have the minimum possible value for r. From this fact, we can substitute r 1 and r 2 in (11) with a common value r.
Consequently, the magnitude function of the system function can be represented as shown in (12) by some arithmetic
where ω is a normalized frequency of the sampled discretetime signal. Real poles cannot constitute the actual formants, as can be seen in (3). Thus, poles that form formants should exist in complex conjugate pairs. Without loss of generality, we will consider two poles with positive phases in (12) since, as mentioned previously, we consider the range of −π ≤ ω ≤ π in the following derivation.
In deriving (12) from (11), we used the property that
. If the peak merger occurs, (12) should have a single maximum value. The condition for this can be derived by differentiating the square of the reciprocal of (12) with respect to ω and, examining whether the number of roots of this derivative is one. The derivative of the squared value of (12) is as follows:
We can further simplify (13) by the addition and the multiplication properties of trigonometric functions into:
Close scrutiny shows that (14) has one to three roots in the range of 0 ≤ ω ≤ π, because 0 ≤ (φ 1 + φ 2 )/2 ≤ π as assumed previously. Specifically, from the equation of sin(ω − (φ 1 + φ 2 )/2) = 0, we can always obtain one root in the range of 0 ≤ ω ≤ π. If ((1 + r 2 )/2r) cos((φ 2 − φ 1 )/2) < 1, then we can find out that |H v (e jω ) 2 | has two maximum values at (φ 1 + φ 2 )/2 ± cos −1 (((1 + r 2 )/2r) cos((φ 1 − φ 2 )/2)) and a single minimum value at ω = (φ 1 + φ 2 )/2. This case corresponds to two peaks that are distinct in spectrum. However, Normalized frequency for discrete-time signal (ω)
Distinct peaks
Merged peaks if ((1 + r 2 )/2r) cos((φ 2 − φ 1 )/2) ≥ 1, then we can easily find that |H v (e jω ) 2 | has a single maximum at ω = (φ 1 + φ 2 )/2. Thus, the obtained condition for a peak merger is as follows:
It is evident that as r approaches the unity, the maximum value of |φ 2 − φ 1 | satisfying (15) becomes smaller. Thus, in order to obtain a condition for a peak merger, r should take the minimum possible value which is in accordance with the previous discussion. From (9) and (15), a condition of |φ 1 − φ 2 | < 0.442 rad is obtained by letting r = 0.8 in (15) . Figure 4 shows the magnitude response of (12) for several different values of |φ 2 − φ 1 | when r = 0.8. From this figure, we can see that peak mergers actually occur when |φ 1 − φ 2 | < 0.442, which exactly complies with our derived condition.
However, in the actual experiments, directly using (15) sometimes results in miss detections, which are largely due to the approximation involved in deriving (15) and interaction with other poles. Furthermore, an excessively large angle might lead to an increased false alarm probability, by including poles related to another peak. In this context, missed detection means that we do not detect a peak merger, which is actually present, by simply looking into the number of poles in the vicinity of the suspected peak with a central angle specified by (15) . Likewise, a false alarm means that we erroneously decide that a peak merger occurs by inspecting the number of poles in the same vicinity around the suspected peak. The region used for testing the number of poles will be described in Section 4.3 in greater detail. After repeated experiments, we found a sector of the central angle 0.5498 rad to be appropriate for reducing error rates. Assuming an 8 kHz sampling rate, this value corresponds to 700 Hz. Therefore, a condition for a peak merger employed in the proposed system is that, the difference between two adjacent formant frequencies should be less than 700 Hz as follows:
where F s = 8000 Hz is the sampling frequency. Note that (F s /2π)φ i , i = 1, 2, is the frequency in Hz that corresponds to the phase of a pole as indicated by (3). This result is exploited in deriving other conditions in Sections 4.2 and 4.3.
PROPOSED METHOD
The following steps are taken to obtain the formant frequencies in each frame: finding the peaks, examining the formants locations for peak merger checking, computing the number of poles for a suspected peak, and polishing the roots. The block diagram of the proposed system is shown in Figure 5 . This figure shows that we employ both the spectral peak picking method and root polishing procedure followed by a test using Cauchy's integral formula.
Note that we employed root polishing instead of direct roots solving method. Polishing two roots around the spectral peaks requires far less computation, compared to directly solving all the roots of the linear prediction-error polynomial. Also, as shown in the figure, we perform a test using Cauchy's integral formula, before root polishing, to find out whether the peak comprises two poles or a single pole. Additionally, before the test, we examine whether the peak merger is possible or not, using the data on formants distribution [7] . This procedure is shown in detail in Section 4.2. We apply Cauchy's integral only if the extracted formant frequencies satisfy this screening condition. So, the additional computation required for the entire process of peak resolving, in the proposed system, is far less burdensome than that of direct roots solving method.
Step I: finding the spectral peaks
First, if needed, the original speech signal is down sampled to 8 kHz since the first three formant frequencies are less than 4 kHz. Then, this signal is preemphasized with a preemphasis coefficient of μ = 0.95, and the spectral peaks are found using LPC spectrum, as in the ordinary spectral peak picking methods [5] . A 14th-order LPC analysis is used. Previous studies show that just increasing the LP-order cannot be the solution to the peak merger problem [3] . Thus, in our cases, Step III and IV are employed to resolve the peak merger problem.
Step II: the application of screening conditions
Simple formulas for the location of the extracted formants are used to identify, whether or not, they are necessary to resolve the suspected merged peaks. This separation test is based on conditions for peak mergers, which will be explained shortly.
The advantages of this test are two folds. First of all, the amount of computation is reduced significantly, since only a small fraction, about 5% of the peaks, needs to be examined via the subsequent Cauchy's integral and the root polishing method. Secondly, this screening prevents the unnecessary resolving of poles. Note that inadequate resolving of poles often leads to accuracy degradation. This is due to the fact that there may be some poles that are not directly related with the formants. As a result, some of them may exist inside the sector that we intend to examine. Detailed explanation on this sector is given in the following subsection. As mentioned previously, the conditions (9) and (16) are not mathematically strict conditions, but based on mathematical inference from experimental results. Thus, it is still possible that a small number of the roots that are not directly related to formants may exist in this sector. In this case, erroneous resolving may occur. The following conditions are based on the distribution of formant frequencies and give us information on the possibility of peak mergers. In sum, the following conditions reduce both the computational requirement and some erroneous resolving cases.
The screening conditions employed are as follows. Let F 1 , F 2 , and F 3 be the extracted formant frequencies from the spectral peak picking, and F 1 , F 2 , and F 3 be their actual frequencies, respectively.
Condition 1
Hz in the peak merger case.
Justification for this condition: as shown in Figure 6 , we can easily see that the difference between F 2 and F 1 would be large when F 1 is formed by merged formants because F 2 actually corresponds to F 3 . This figure shows the case where the peak in the lower frequency is a merged one. To justify the above condition, let us assume that F 1 is a merged formant, and F 2 − F 1 < 700 Hz contrary to the above condition. In this case, F 1 needs to be resolved into F 1 and F 2 . As mentioned above, F 2 corresponds to F 3 . Accordingly, from the abovementioned assumption, we can obtain F 3 − F 1 < 700 Hz. It can be roughly assumed that the resolved formant frequencies are located symmetrically centered to F 1 , which means (F 1 +F 2 )/2 = F 1 . From the condition for a peak merger (14) , it can be derived that F 3 − F 1 < 1050 Hz. However, according to the possible formants distribution in [5] , F 3 − F 1 > 1050 Hz. Thus, the assumption is wrong, and it can be stated that the difference between F 2 − F 1 (or F 3 − F 2 ) > 700 Hz in the peak merger case.
Condition 2
F 2 > 1800 Hz for the peak merger between F 1 and F 2 to occur.
Justification for this condition: if the first peak is formed owing to the peak merger, then the originally extracted F 2 becomes F 3 . As can be seen in the formants distribution in [7] , F 3 is larger than 2000 Hz except for "ER" sound. But in the case of "ER" sound, peak merger cannot happen since F 1 and F 2 are widely separated. Thus, if F 2 is less than 1800 Hz, this needs not be resolved.
Step III: examining peak merger
We will now describe how we can examine the peak merger around a suspected peak that satisfies the screening condition in the previous subsection. Originally, the idea of obtaining the number of poles in a given sector was presented in [2] . We employ Cauchy's integral formula introduced in their work to find out whether the peak is a merged one. When testing peak merger using Cauchy's integral formula, we employed LP prediction in the order of 10. If we adopt an LP polynomial of a much higher order, then there will be many poles that are not related to the actual formant, so it will become difficult to separate merged peaks using the pole information.
Although they perform the integration repeatedly to find out the actual phase of the pole in Snell's algorithm [2] , we apply this integration for the purpose of peak merger checking. The advantages of this system can be described in two ways. First, the number of integrations is reduced significantly. Specifically, much iteration is necessary to obtain the phases of poles with sufficient accuracy in Snell's algorithm. However, in the proposed system, this integration is 
Not a formant (not sufficiently narrow bandwidth)
Not a formant (not sufficiently narrow bandwidth (b) performed just once for each peak satisfying the condition in
Step II. Secondly, it is very difficult to find out which poles are actually related to formants with Snell's algorithm, since not all of the poles are related to actual formants, as mentioned previously. Consequently, Snell's algorithm shows the performance of a typical formant extractor based on the root extraction algorithm. In contrary, we exploit information on the spectral peak and utilize this integral to resolve the peak merger problems. Thus, we do not suffer from the abovementioned problem inherent in extractors based on roots solving. This integration is performed in the vicinity of the peak. Let's assume that the angle related to the spectral peak is φ PEAK . The area that we want to examine is shown in Figure 7 (a). In this figure, φ 3 and φ 4 are derived by the following equations:
In (17), the reason why we use the central angle of (700/4000)π can be found in (16) . More specifically, this is due to the fact that we want to find whether two poles satisfying the condition of (9) and (16) exist in the vicinity of a single suspected peak. Additionally, the radii of r = 0.8 and r = 1.0 are given by (9) as a condition. In the F 1 − F 2 resolving case, if φ 3 ≤ 200π/8000, we take φ 3 = 200π/8000, because the lowest possible formant frequency is 200 Hz [7] .
Along with this, the contour of Cauchy's integral is shown in Figure 7 (b), which is the same as shown in [2] . The reason why we adopt this contour lies in the fact that we can reduce the computational burden significantly compared to the integration along the one in Figure 7 (a). When performing the integration along the contour in Figure 7 (b), it is possible that poles not meeting the constraint 0.8 < r < 1.0 are selected. These poles are filtered through the subsequent root polishing algorithm. Note that the root polishing algorithm described in the next subsection gives us the magnitude of the pole as well as its phase.
We can denote the above-mentioned sector in Figure 7 (b) by (19):
As shown in [2] , we can obtain the number of poles inside this sector by
where polynomial A(z) is the prediction-error polynomial, and Γ is the sector composed of three curves Γ 1 , Γ 2 , and Γ 3 in (19). For the integration on the curves Γ 1 and Γ 3 , the composite Simpson's rule [14] is employed. The curves are partitioned into short segments, having an equal length to perform the numerical integration. For the integral on the curve Chanwoo Kim et al. Γ 2 , the approximate value of N|φ 4 − φ 3 | was used to reduce computation as in [2] . In this approximation, N denotes the LPC order. For more details on this approximation value, you are referred to [2] .
Step IV: resolving poles by polishing the roots
If the result of Cauchy's integration in Step III is two, then the two poles that constitute the merged peak are obtained in the following manner. To begin with, it is quite natural that (3) can be applied to these poles because these two poles are directly related to the spectral peak. Thus, the initial approximate phase values of these two values can be given by
where φ 1 , the subscript 0 and 1 denote each pole, and the superscript (i) denote the iteration number which will be described subsequently. In (21), F is the frequency of the spectral peak in Hz to which these poles are directly related, and f s is the sampling frequency of the speech signal. Along with estimating the phase value, we also need to estimate the approximate magnitudes of these two poles. Also note that (3) is derived under the assumption that poles are kept sufficiently apart. When two poles form a single peak, they are quite close to each other. Thus, (21) does not yield quite accurate values in the merged peak case. However, the obtained values from (21) should be in the neighborhood of the actual roots, so we can obtain more accurate values by the root polishing algorithm, which will be explained in detail. As previously mentioned in (9) , the typical range of magnitudes of poles that constitute formants is given by 0.8 ≤ r < 1.0. Thus, we adopt the initial approximate value of magnitude r 
Thus, from (21) and (22), we obtain the approximate values of these two roots z 
1 by
After obtaining the initial approximation of (23), Bairstow's algorithm [13] , that is, a variation of Newton-Raphson method, is used to obtain the roots by polishing this approximate value into the exact value. In Bairstow's algorithm, we try to seek the quadratic factors. Since the coefficients of the prediction-error polynomial A(z) in (2) 
where
If we divide the prediction polynomial A(z) by z 2 +B (0) 0 z+ C (0) 0 , then we obtain the following relationship:
where Q(z) is the quotient, and Rz + S is the linear remainder. In essence, Bairstow's algorithm numerically finds the quadratic factor, which makes both R and S in (25) n+1 by employing two-dimensional Newton-Raphson method, (2b) test whether the coefficient has been converged by applying the following stopping condition. If both of (28) and (29) are met, go to step (3). Otherwise, continue the recursion step.
In (28) and (29), ε 1 and ε 2 are constants for convergence checking. In our system, we adopt the values of ε 1 = 0.001 and ε 2 = 0.0001, (2c) set n = n + 1. 
Because this equation is quadratic, we generally obtain the roots in the complex conjugate form. Among them, the one with the positive phase value is our desired root z ). And we apply the above-mentioned Bairstow's algorithm once gain to obtain z (n+1) 1 . This method has the advantage of not requiring complex arithmetic, while the standard Newton-Raphson method resorts to complex arithmetic for polishing complex roots. Although this method cannot be used broadly, because of the stability problem, in the proposed system, we do not encounter this problem since the initial approximation (23) is sufficiently close to the accurate roots. We can find that the roots converge with sufficient accuracy, satisfying the stopping condition in (28) and (29) after three or four iterations.
Sometimes roots with r < 0.8 or outside, this sector may be selected. In this case, the obtained roots should be discarded due to the constraint (9) . After obtaining the roots, the formant frequencies can be obtained by (3) . This is a clear advantage compared to the bisection method described in [2] or the conventional roots-extraction-type formant extractor [5, 9, 10] , which directly solves A(z) = 0.
RESULTS
Previous research of formants shows that there are high correlations between a specific vowel and its formant frequencies [5, 7] . The following Table 1 shows the typical values of formant frequencies that we used for accuracy checking [5, 7] . These values are used as the decision criterion whether a peak merger occurred or not in the testing phase. Figure 8 shows a sample speech frame where a peak merger in the formant frequencies occurred. In this frame, the formant frequencies obtained from the peaks with sufficient bandwidth are F 1 = 593.8 Hz, F 2 = 2712.1 Hz, and F 3 = 3514.4 Hz, respectively. The LP spectrum with LP order 10 in Figure 8 (a) confirms this result. However, when tested for peak mergers with this system, the peak in the lower frequency is found to be made of two poles as shown in Figure 8(b) , and the subsequent roots testing and polishing procedures modify the formant frequencies in this frame to F 1 = 569.5 Hz, F 2 = 854.3 Hz, and F 3 = 2712.1 Hz. In this case, the pronounced vowel is "AO," and you can find that the corrected formant frequencies are in accordance with the typical frequencies shown in Table 1 . Figure 9 shows the spectrogram of the word "pineapple" and the extracted formant frequencies using the conventional spectral peak picking method and the proposed algorithm. At the onset of speech, the first and the second formants are very close, so they form a single peak. In this part of speech, the pronounced phone is /AA/, thus, as shown in Table 1 , the F 1 and F 2 are very close to each other. The region in ellipsis in Figure 9 (a) denotes the merged peak. And, in this case, the duration of speech where the peak merge occurs is rather long, so it is very difficult to correct the result using conventional formant tracking or smoothing methods. But, as shown in Figure 9 , the proposed algorithm yields desirable results even for this part of the speech.
We evaluated the proposed method on a TIMIT core test set, which comprises 240 speech samples spoken by 10 speakers. In the test phase, we performed the accuracy decision in the Mel scale. If the extracted ith formant frequency in the Mel scale is closest to the jth formant frequency in this table, in Mel scale and i = j, then we conclude the extraction result to be inaccurate. Otherwise, we decide this result to be accurate. This decision criterion is employed in the following accuracy evaluation. Since there are some variations in actual formant frequencies, this test criterion cannot be used for checking the accuracy of extracted formant frequencies with very high reliability. However, this criterion is very useful for detecting errors due to the peak merger for large speech DBs like TIMIT, since a computer program for testing this criterion can be easily implemented. If this criterion tells us that a peak merger or extraction error occurs, we also check whether this test result is correct by investigating the extracted formant frequencies and comparing them with the spectrogram of the speech, and identifying the phone label of the speech. Table 2 shows phone label information in a speech sample in a TIMIT DB. This sample can be found in TEST/ DR1/MJSW0/SI1640.PHN. Since the original TIMIT phone label information is given in units of the sampling index, we changed the base unit from the sampling index to time in this table. Figure 10 shows extracted formant results on this part of speech. In Figure 10 (a), the formant extraction result was obtained using the standard ESPS formant extraction algorithm incorporated in WaveSurfer [16] . As widely known, the ESPS formant extractor shows good performance in most cases. In obtaining this figure using WaveSurfer, we first down sampled this 16 kHz TIMIT speech sample into 8 kHz one. According to our experiments, errors occur more frequently, when we use the ESPS formant extractor for 16 kHz speech samples, rather than 8 kHz speech samples. Figures  10(b) and 10(d) show the formant extraction result using the conventional spectral peak picking method and root extraction algorithm without additional smoothing. Compared to these results, Figure 10 (c) illustrates the formant extraction result obtained, using the proposed method. As shown in Figure 10 (a), the ESPS formant extractor appears more robust against the peak merger problem. This is because the ESPS formant extractor is not based on the spectral peak picking method, but on the root extraction method. As stated before, most of the formant extractors based on the root extraction algorithm have difficulty in selecting roots that are directly related to actual formants. However, in the case of the ESPS formant extractor, a modified Viterbi algorithm is employed to find the most probable poles related to actual formants. By adopting this scheme, the ESPS formant extractor shows sufficiently good performances in most cases. However, even the ESPS formant extractor sometimes misses in selecting some resonances. As shown in this figure, for the /W/ phone, the extractor incorrectly selects the third formant frequency. By looking into the spectrogram in detail and following the movement of the spectral peaks, we can find that the fourth formant frequency obtained for the /W/ sound should be the third formant frequency. The proposed algorithm shown in Figure 10 (c) shows a better result, even without sophisticated smoothing algorithms. Another advantageous aspect of our proposed algorithm is that it requires far less computation compared to the formant extractors based on roots solving, as previously described in Section 2. Figure 10(b) shows the formant extraction result obtained using the conventional peak picking algorithm. As you can see in this figure, there are many errors in the extracted formant frequency due to the peak merger problems. Compared to this result, our proposed algorithm in Figure 10 (c) shows good performance in resolving the peak merger. When a smoothing algorithm is not employed, the extraction result obtained using the root extraction algorithm shows the poorest result as shown in Figure 10(d) . In the time between 0.75s and 0.78s, it seems that there are errors in the proposed method and the spectral peak picking method as shown in Figures 10(b) and 10(c) . During this part of the speech signal, the ESPS formant extractor shows somewhat better results. This is due to the fact that, for nasalized sounds, we need an additional zero to model the vocal tract system [1] . If the zero is located in the vicinity of the pole that forms a formant, it is very difficult to extract that formant from the LP spectrum. In these particular cases, formant extractors based on root solving may show better results. Table 3 shows the formant extraction results using the conventional spectral peak picking method for a speech sample in the well-known TIMIT DB. In obtaining these formant values, we used an LP order of 14 and an FFT order of 512. The window size is 30ms, and the frame rate is 10ms. Figure 10(b) illustrates the plot of the formants obtained from this speech sample, in the range of 0.5 ≤ t ≤ 0.65, using the conventional spectral peak picking method. As shown in Table 3 and Figure 10(b) , peak mergers occurred many times in the /W/ phone. This merger occurred since the first and second formant frequencies are very close, as shown in Figures 10(a) and 10(c) .
In contrast, Table 4 shows the extraction results when the proposed algorithm is employed. As you can see in this table, the peak merger problems have been successfully figured out. Figure 10 (c) also shows that we obtain the desired formant frequency at this region, and continuity in the extracted formant frequency can be maintained.
More detailed information on pole locations and LP spectra can be found in Figure 11 at different time t. Figures 11(c), 11(d) , and 11(e) show the cases of peak merger. By comparing with the pole locations in z-plane, you can find that the peak in the lowest frequency around 600 Hz is actually composed of two spectral peaks. As previously mentioned, the /W/ sound is pronounced in this part of speech. However, by employing Cauchy's integral and root polishing scheme, we can distinguish two resonances and obtain correct values as shown in Figure 10 (c) and Table 3 .
After testing our algorithm on this test set, we can conclude that most of the F 1 −F 2 merger problems occured in the "AA" and "AO" sounds. Note that the difference between F 1 and F 2 is very small in these sounds as shown in Table 1 . The "AA" and "AO" vowels constitute about 5.2% of the 10 vowels we tested. The TIMIT core test set had 250 samples. During the test, using these sounds, the proposed system yielded a performance accuracy of 87%, which is significantly higher than that of the spectral peak picking method's 81.6%. This result proves that the proposed method is robust enough for the peak merger problem. On the other hand, the performance of the root extraction method is the worst (less than 50%). This is partly because there is no clear way to relate the solved roots to formants. Note too that no smoothing technique was employed for any of the extractors during the evaluation process. For the speech frames, where peak mergers do not happen, the proposed algorithm and the spectral peak picking method showed almost the same performance.
CONCLUDING REMARKS
In this study, a robust formant extraction algorithm, which sequentially applies the spectral peak picking, formants location examining, and the root polishing, is developed. One of the most notable advantages of the proposed system lies in its robustness against the peak merger problem that was extremely difficult to be solved using conventional spectral peak picking methods. Although roots solving method in themselves show poor accuracy, we successfully exploited information on poles around the merged peaks in tackling the above-mentioned pole merger problem. We also propose the root polishing scheme for obtaining two distinct formant frequencies from a single merged peak, requiring significantly less computation when compared to the direct roots solving method. As well, several conditions on poles and formants are devised in order to enhance the accuracy result and/or reduce the computational burden. Consequently, this method not only shows better results at the intensive test using TIMIT Chanwoo Kim et al. The proposed method is now being incorporated into our previously developed vowel-pronunciation checking system for foreign language learning [8] performance compared in [8] . We also expect that applications such as speech recognition, formant vocoder, or textto-speech system (TTS) will benefit from this robust extractor.
After many years of exciting research, the field of multimedia information retrieval (MIR) has become mature enough to enter a new development phase-the phase in which MIR technology is made ready to get adopted in practical solutions and realistic application scenarios. High users' expectations in such scenarios require high dependability of MIR systems. For example, in view of the paradigm "getting the content I like, anytime and anyplace" the service of consumer-oriented MIR solutions (e.g., a PVR, mobile video, music retrieval, web search) will need to be at least as dependable as turning a TV set on and off. Dependability plays even a more critical role in automated surveillance solutions relying on MIR technology to analyze recorded scenes and events and alert the authorities when necessary. This special issue addresses the dependability of those critical parts of MIR systems dealing with semantic inference. Semantic inference stands for the theories and algorithms designed to relate multimedia data to semanticlevel descriptors to allow content-based search, retrieval, and management of data. An increase in semantic inference dependability could be achieved in several ways. For instance, better understanding of the processes underlying semantic concept detection could help forecast, prevent, or correct possible semantic inference errors. Furthermore, the theory of using redundancy for building reliable structures from less reliable components could be applied to integrate "isolated" semantic inference algorithms into a network characterized by distributed and collaborative intelligence (e.g., a social/P2P network) and let them benefit from the processes taking place in such a network (e.g., tagging, collaborative filtering).
The goal of this special issue is to gather high-quality and original contributions that reach beyond conventional ideas and approaches and make substantial steps towards dependable, practically deployable semantic inference theories and algorithms.
Topics of interest include (but are not limited to):
• Theory and algorithms of robust, generic, and scalable semantic inference • Self-learning and interactive learning for online adaptable semantic inference 
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Synthetic Aperture Radar (SAR) represents an established and mature high-resolution remote-sensing technology that has been successfully employed to observe, study, and characterize the Earth's surface. Over the last two decades, one-dimensional SAR systems have evolved more and more toward multidimensional configurations, enabling quantitative remote sensing with SAR sensors. The relevance of the multidimensional SAR technology is primarily supported by the recent launch of the Japanese ALOS, the German TERRASAR-X, and the Canadian RADARSAT-2 orbital systems, and also by the development of airborne and ground-based SAR systems. Multidimensional SAR data can be generated by different sources of diversity: baseline, polarization, frequency, time, as well as their different combinations. This degree of freedom makes multidimensional SAR data sensitive to a wide range of geophysical and biophysical features of the Earth's surface. Consequently, the definition of novel multidimensional signal processing techniques is essential to benefit from this information richness, especially when the objective is the quantitative retrieval of new parameters, and also necessary to extend already existing one-dimensional SAR data tools.
This special issue is seeking for original contributions in the definition of novel signal processing techniques, and also for works on the assessment of new physical or statistical models to improve the understanding of multidimensional SAR data and the extraction of information, considering the important challenges and limitations imposed by the physics governing the imaging process. This issue is also open to contributions oriented toward the exploitation of multidimensional SAR data for novel and exciting applications.
Topics of interest include, but are not limited to:
• Multibaseline interferometry and differential interferometry • 3D reconstruction and multidimensional SAR focusing techniques • Polarimetry and polarimetric interferometry First Round of Reviews September 1, 2009 
